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Figure Captions

Figure 1. Geomagnetic and ionospheric storms are caused by two types of solar

phenomena. The first one is transient activities, such as solar flares, prominence

disappearances, coronal mass ejections, while the second one is a high speed stream

from a coronal hole which is the least active region of the sun. Thus, the storm

prediction scheme must take both phenomena into account.

Figure 2. There is a considerable spread in the transit time (Ts) of solar disturbances

associated with solar flares to reach the earth. The histogram shows that

geomagnetic storms can occur about 20 hours after a flare, but can be as late as 70

hours. Therefore, although the mean value of the transit time is 43 hours, such a

statistical study is little use for predicting the onset time of a geomagnetic storm after

a specific flare.

Figure 3. The modern geomagnetic storm prediction scheme must depend on the

latest progress in solar-terrestrial physics, not on statistical results shown in Figure 2.

It is based on the fact that a geomagnetic storm results from increased electric

currents around the earth, which are, in turn, caused by an increased power of the

solar wind-magnetosphere generator.

Figure 4. The modern geomagnetic storm prediction scheme consists of three steps.

After parameterizing and quantifying a solar flare, three vital quantities (V, B, 0) are

computed at the earth's location in step 1. In step 2, the three values are used to

compute the Power of the solar wind-magnetosphere generator as a function of time

5inlce the power is related to, empirically or theoretically, to the geomagnetic storm
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indices (AE, Pst, Kp), it is possible to predict the the indices as a function of time in

step 3.

Figure 5. It is important to be able to calibrate the storm prediction schemp whPn

the responsible solar disturbance reaches about half way to the earth. By monitoring

celestrial radio sources (A, B,...F) over the sky, it is now possible to infer the

geometry of the advancing solar disturbance, since the solar disturbance (the plasma

cloud) causes intense scintillation of radio sources. Details of the scheme is shown

in Figure 6.

Figure 6. Based on the six flare parameters of a specific flare, the modern storm

prediction scheme can determine the geometry of the advancing solar disturbance.

The prediction scheme can then produce the predicted sky map of interplanetary

scintillation (IPS) at a given time, say 24 hours after a specific flare. When the

observed IPS sky map becomes available, both sky maps can be compared. (In this

particular example, the IPS was expected to occur in the western sky, but the

observed high (H) scintillation occurred in the eastern sky). By this calibration

method, it was found that the responsible flare was misidentified in the first

computation; during an active period of sun, many flares take place within a few

hours over the solar disk. The correct identification of the responsible flare was

confirmed by finding that another flare can reproduce the observed IPS sky map.

Based on the new six parameter for that flare, the prediction scheme is carried out to

demonstrate that the observed variations of the solar wind speed is very close to the

predicted one.

Figure 71. Comparison of the observed solar wind speed by an earth-bound satellite

and the predicted one for the September 25 - October 1, 1978 storm event. In spite of
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a very complicated series of events on the sun, the three shock structures are well

reproduced by the prediction scheme (see also Figure 6).

Figure 7B. The predicted geometry of the advancing interplanetary disturbance for

the storm event illustrated in Figures 6 and 7A. S: Sun, E. Earth.

Figure 7C. The predicted IPS sky map of the advancing interplanetary disturbance

for the storm event illustrated in Pigures 6, 7A and 7B. Note that the second IPS,

caused by a new flare, began on September 25, 1978.

Figure 7D. The observed IPS sky map of the advancing interplanetary disturbance

for the storm event illustrated in Figures 6, 7A, 7B and 7C. The high scintillation

area is indicated by H. This observation was made by the Cambridge IPS group.

Figure 8A. In the modern storm prediction scheme, the geomagnetic storm indices

(AE, Dst, Kp) are estimated empirically on the basis of the computed power of the

solar wind-magnetosphere generator (Figure 4). This is because there is so far no

reliable theoretical formulation to relate the power to the indices. However, here

we attempt to set up an equivalent electrical circuit for the magnetosphere. Thus, by

providing the predicted power as a function of time, it will be possiblo to determine

the geomagnetic indices.

Figure 8B. For a given voltage variation (oDCT (t)), the equivalent circuit can predict

variations of the resistance RT in the magnetotail, the polar cap potential drop ((Dps)

and the energy (WB) released in the polar ionosphere. uron these predicted values,

it is possible to infer the geomagnetic indices (see Figure 9).
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Figure 9. The equivalent circuit in Figure 8A can predict the potential drop ( 4 ps)

across the polar cap. There are two important empirical relationships betwiTeT (1) ps

and the AE index, obtained by satellite observations (Weimer, et al.) and ground-

based observations (Ahn, et al.). Using this established relationship, it is possible to

infer the AE index as a function of time from (1 ps.

Figure 10. We can advance the present geomagnetic storm prediction scheme to

include the prediction of ionospheric storms. Once the power of the solar wind-

magnetosphere generator is predicted in step 2 (Figure 4), it is possible to predict the

potential drop (D pc across the polar cap, as illustrated in Figures 8A, 8B and 9. Our

prediction scheme can also predict the size of the auroral oval. Thus, for a given

date and time, the ionosphere storm code can predict the flow of ionospheric plasma

across the polar region and the electron density profile at a desired time. Radio ray

paths can be computed on the basis of the predicted electron density profile. In this

case, a high 'D pc caused an intense flow of ionospheric plasma from the sunlit

hemisphere to the dark hemisphere across the polar cap.

Figure 11. Example of the computed electron density profile at an altitude of 300

km. There is a high density in the dayside ionosphere (caused by the solar radiation)

and also along the auroral oval (caused by auroral particle precipitation). The

dayside plasma flows into the polar cap by the dawn-dusk potential drop (q pc) can

be seen.

Figure 12A. Simulation result demonstrating how a particular type of disturbance

caused at a confined location in a magnetic flux tube propagates. Such a disturbance

may be identified as a "magnetic cloud."

vii
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Figure 12B. Our prediction scheine rias oenimproved to tne ip')int ',) bv hr to

predict the solar wind sed V and the interp!inneta~va l hv (IIP)

magnituide 13 for simple ert.The sIuflp: cam;f in illuoune~d in n; ir V.ich 02

advancinog shock wiwef s) cornresses the exsi',(. ,n a at ina;,rntoc f ield in

the vicinity of the earth. if the DAF fiold is MietOM sothar no has a Mcagn'itude

of 5 nT,. he2 arrival of the sbock wave can :nnp~ ne Kid,'2nusinglargeM(-- 15

nT) sou hward oai itim; field . Sucli a high southw~ardi~ Sh can fer~aibly =su~ ari

intense geomiagnetic storm H-owever, the advaincini- di, rbtcc are oaci tenluch

mnore comnpliated. In an exactly opoposite case, an enhanced northnward dire,7ted

field v rdc guirnag.netc cd vity A numnber c-f possibik ties Ara hnwrii here.

Figure 13. During 1974, there were two large coro:.al halos, from which two high

speed streamas emnanated. During asingle solar- rotation (27 days), two peaks of the

solatr wind speed, we'Nre seen (Itop). The ne:t wo rows Ci te MNF niagnitudc

and the woangle,, of the IMP- (the latitude anglo theta ard the azimttnal angle phi).

On the basis o! o1ee csvr-Vtd qJuantity. th ero e0.V-r --J die, -,olar wind-

rnia gnetosphc-re ge nerator is comnputed. The, Lit to rjvj'' O A F adDst

index, respectivity. There is a faiiriy good simnilarity betwocen E ai d AE, suggesting

that F' can predict the envelope of the AE index.

Figure 1 4A, The prediction of a high speed soreaim dipcnds criticaiiz on the

mnagnetic field distribution) on the so-called "source surtace," a spherical surface of

radius of 2.5 solar radii. In the right column, sunspot numbher between 1 76 and.

i986 is, shown. In the middle columnn, shows how the. inoagnlctc neutrail line (or the

n~ gn t:r a o .~on ihe sollrce :sm riace char gt--gd -;;a unspot cycle. The left

conin showvs tho pnlaritv of the magnetic field aid the magnet~c eq~uator in solar

longitude-latitude rrap (the inagnetic field is directed inward in Jhe hatched area).



Figure 14B. In order to predict the geometry of the magnet~c neutral line, a simple

method is developed to represent the magnetic neutral line. The method uses a

central, axially aligned dipole and two (or at most four) dipoles orn the photosphere.

The observ:ed and reproduced magnetic neutral lines are compared for C.-rrijgton

rotation 1666.

Figure 15. Once the magnetic neutral line is reasonably reproduced, the prediction

of the magnetic neutral line is reduced to the prediction of changes of the two

photospheric dipoles in Figure 14B. The figure shows the observed and reproduced

magnetic neutral lines for Carrington rotations 1661-1664. In these cases, four

photospheric dipoles are used.

Figure 16. In this figure, we follow the location (latitude, longitude), the azimuth

angle and magnitude of the photospheric dipole no. 3 in Figure 15. One can see that

the changes of the dipole were not erratic Thus, it was possible to extrapolate

changes of the dipole quantities and thus predict changes of the magnetic neutral

time during the successive Carrington rotations.



Development of i Numerical Schemne ton Predict Geom;,.gnetic Shorms
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V and tie i terpi anetarv iillnetic field matn d Bi b ro . h

maqnetosphere even for a complicated situation in wbich amn fl ares occur in a
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possih~ o,'er1,*f~ tw'iolm uitits ofoic U
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earth We have found that the iner':lanetary ci .illat 'i, i1' f

such a purpose. Thus, we havw successfully incorporitted reou: u1s froin 0h,

int,,rplanetary scintillation (1PS) in the p-,zdiclJon schevme. in the . ,z-o c'w,

calibrate the initiai con(itions of a solac flare using the IPS ebservat.i.0n1S.

Since we cai compute P,(t as a function of time and a ., , 11 - .

empirical relations between PJt tand AE, Kp/iist. i: possibl,' to predict Ihe

maximum AE/KpfDst a, a flunction of time.

o Since there is ar nerpirical rei:tionship ')etween P and th., crros,, -,,.r C

potential 4),, it is also possible to ir\er time variation: of the maxi n-.a van ue of

,Ipc for a given time variation of P,.

0 We have also developed an equivalent circt,t for the magnetosphere. For a

given input function P(t) or Pratt), it is possible to predct AF, D.rDt or the

maximum of AEiKP/Dst) as a function of time.

0 We have also developed a code to predict the distribution of tme F-laye:

electron density. The F-layer electron density in the polar cap 'lepends crucially

on th0 potential drop I)P, across the polar cap.

The second objective of his project is t- adv-nce the prediction of 27-day

recurrent storms.

* We have found that tfiis project is reduced to predik.t both the solar wind

speed and the IMF rmagnitude 27 days in advanc,,a anc that this task i - further

reda ced Io rcdic the geometry of t0:e a-cuiral line -:-1 .he solar s' r iif.;ce a

sp,e,-i.7al surface of 2,5 solar radii).

• We have devstd a multi-dipole method to repvodi.ce the nelutal linlk

* Thus, the )redldP f.i, is fin:il y redo ced to c!. ,,te u°rovn ad 8 lthv ,

th> dfipole. in lok tatifuda l i C pi ti;srhc, \ ave made iI ;, iws in

understanding the nature of tese dipoles.

xi



In summary, altogether we have developed a computer code to execute

what is described in the above, our present prediction scheme may be considered

to be a 'skeleton structure':' for the future scheme. We believe that most of the

elements in the prediction scheme are assembled and are properly connected.

The method requires mytuh improvement in the future, which depends on the

progress, both obserJLir'al and theoretical, in th.e E-fld , f sol;r-terrestrial

physics. These are summarizo d in the last section "Concluding Remarks."
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1. INTRODUCTION

1.1 Genera! Review

Solar-terrestrial physics has been advanced considerably during the last

two decades. The progress has been prominent in almost every discipline,

namely studies of solar flares, interplanetary disturbances and magnetospheric

disturbances. A transient phenomenon called "coronal mass ejection (CME)" has

been discovered (cf. Gosling, et al., 1974; Hildner, et al., 1975, 1976; Sheeley, et al.,

1980; Wagner, 1984) and its association with soft x-ray events and other

phenomena have been investigated (Sheeley et ai., 1983, 1984; Kahler et al., 1984a,

b; Burlaga et al., 1982). The source region of high speed solar wind streams,

namely the "coronal holes," have also been identified (cf. Zirker, 1977). A study of

interplanetary disturbances has been greatly advanced by the availability of in situ

observations of the solar wind and the interplanetary magnetic field (IMF) by deep

space probes and earth-bound satellites. The interaction between the 'quiet time'

solar wind and a high speed solar wind stream, namely the stream-stream

interaction, has been studied extensively, both observationally and theoretically

(cf. Dryer and Steinolfson, 1976; D'Uston, et al., 1981).

In addition to such progress in each discipline of solar-terrestrial physics,

there have been considerable efforts in finding one-to-one relationships between

solar activity and interplanetary disturbances and also between interplanetary

disturbances and magnetospheric substorms and storms. An extensive study of

the relationship between the large-scale magnetic field in the photospheric level

and the interplanetary magnetic field in the photospheric level and the

interplanetary magnetic field has been made (cf. Wilcox et al., 1980; Hoeksema et

al., 1982, 1983). The relationship between solar activity (such as flares and CMEs)

and shock waves in interplanetary space has been investigated (Chao and

Lepping, 1974; Joselyn and Bryson, 1980; Sheeley et al., 1985). The so-called



"Sudden Disappearing Filaments (SDFs)" have been added as a new possible

source of interplanetary magnetospheric disturbances (Schwenn et al., 1983;

Joselyn and McIntosh, 1981; Wright and McNamara, 1983; Sanahuja et al., 1983).

In solar wind-magnetosphere interaction studies, some of the key physical

quantities in the energy transfer processes have been identified. Among these,

the north-south component of the IMF is found to play a crucial role in the energy

transfer (cf. Arnoldy, 1981; Tsurutani and Meng, 1972; Russell and McPherron,

1973; Meng et al., 1973; Clauer et al., 1981; Akasofu, 1981; Baker et al., 1981;

Meloni et al., 1982).

In spite of such progresses in each discipline and in some interdisciplinary

areas, our understanding of some of the most crucial aspects of solar-terrestrial

physics has not been very much improved. One of such examples is the so-called

"driver-gas" which is supposed to be ejected during a solar event and to cause an

interplanetary shock wave which causes, in turn, a geomagnetic storm.

However, the identification of the "driver-gas" in interplanetary space has not

been very conclusive. First of all, only a few plasma ejectas identified in the Ha

photographs have been observed to leave the field of view of the camera; some of

them simply rain back down to the chromosphere. Tracing of type IV radio

bursts which are supposed tc be generated by energetic electrons in the 'ejecta'

have been limited to about several solar radii. Except for a fairly high correlation,

the physical relationship between a CME and a shock wave has not been

established yet. Is a CME an early stage of the shock wave, a driven gas or

neither of them?

There has also been no agreed common signature of the driver gas from

spacecraft measurements. Some workers consider that a high ratio of He/H (or a

high concentration of helium) after the passage of the shock waves is an

important signature of the "driver gas" (Hirshberg et al., 1970, 1972a, b; Gosling et

2



al., 1980; Borrini et al., 1982a, b; Zwickl et al.. 1983). Others consider a prominent

decrease of the proton temperature (Gosling et al., 1973; Zwickl et al., 1983), or a

very steady, large magnitude of the interplanetary magnetic field (Smith, 1983) as

the most important signature. The so-called "magnetic cloud" proposed by Klein

and Burlaga (1982) may also be added as another proposed signature. Bi-

directional streaming of solar wind electrons has also been considered as an

evidence for a closed field structure within the drive gas (Bame et al., 1981). For a

recent review on the plasma properties of the solar wind, see Neugebauer (1983).

A number of MHD simulation studies have also been conducted to predict

how the density, temperature and velocity of the disturbed solar wind and IMF

vary behind the interplanetary shock waves. The common practice in this

particular simulation study is to allow the duration of heat input during a flare to

be a variable. An impulsive heat input of duration of 30 min - 1.5 hours into the

solar atmosphere simulates the generation of a blast wave, while a constant heat

input lasting for at least 40 hours simulates a continuous 'piston-like' process

with a shock front (cf. Hundhausen and Gentry, 1969a, b; Dryer, 1970). The

simulation studies of the blast waves indicate that it is followed by a large

depression of the density and of the IMF magnitude (cf. Wu et al., 1976; D'Uston et

al., 1981; Wu et al., 1983; Dryer et al., 1984).

However, such a prominent depression of kDth the proton density and the

IMF magnitude after the passage of the shock waves is not a common occurrence,

although the proton density can drop after the passage of several major shocks

(Sheeley et al., 1985). For this and other reasons, Borrini et al., (1982b) concluded

that there is little evidence that the blast waves actually exist in interplanetary

space and that the occurrence of mass ejection events (Hildner et al., 1976) is more

than sufficient to account for all shocks observed at 1 AU. Recently, Smart and

3



Shea (1985) suggested that most of the shock waves are initially driven to a

distance of 0.1 AU and then propagate as a blast wave.

Recently, Zwickl et al. (1983) showed that of 54 shocks observed from August

1978 to February 1980, 9 events were followed by a clearly identifiable decrease of

the temperature and an increase of the He/H ratio, although the source activity

for those chosen 9 events were not identified. Zwickl et al. (1983) also added an

increase of the IMF magnitude as a signature of the driver gas. Borrini et al.

(1982b) inferred that a high ratio of He/H arises from flares in the vicinity of the

central meridian, although their paper does not show any supporting evidence for

such an inference.

Geomagnetic/ionospheric storms can be classified into two types,

depending on their origin in the solar atmosphere (Fig. 1). The first type is

associated with intense eruptions in the solar atmosphere, which are generally

called solar flares. It is known, however, that not all flares cause

geomagnetic/ionospheric storms. Recent studies have revealed that solar flares

followed by soft x-ray emissions of a long duration (of several hours) cause

geomagnetic/ionospheric storms (Sheeley et al., 1983, 1984). It is expected that

such a flare ejects a gas cloud into interplanetary space. As the driver gas

advances into interplanetary space, it generates an interplanetary shock wave. A

geomagnetic/ionospheric storm begins when the shock wave and the driver gas

collide with the earth's magnetic field. The development of a geomagnetic storm

depends on several physical parameters of the driver gas and its relative path

with respect to the earth. As we reviewed earlier, our knowledge on the driver

gas is still too poor to be used in predicting the development of a geomagnetic

storm.

The second type of geomagnetic/ionospheric storms is associated with an

intense solar flare wind flow from very quiet regions of the solar corona. Such

4



regions look very dark when the corona is observed by a soft x-ray camera. It is

for this reason that these regions are called 'coronal holes.' It is not known at all

why the most quiet region of the solar corona can produce the most intense solar

wind. Hakameda (1987) and Wang and Sheeley (1990) showed that the highest

speed wind may be related to very limited regions on the photosphere. The life

time of coronal holes varies considerably, from less than one month to more than

12 months. A long lasting coronal hole causes geomagnetic storms with an

interval of approximately 27 days, as the sun rotate, once in 25 days and the earth

revolves around the sun in the same direction.

1.2 Needs for a New Prediction Scheme

In the past, most prediction effort of geomagnetic/ionospheric storms had

been based on statistical results. For example, the prediction of the onset time of a

geomagnetic storm is made on the basis of a statistical result that geomagnetic

storms begin most frequently about 43 hours after a responsible flare. Figure 2

shows the histogram which shows the time interval between flare onset and

storm onset. Although such a histogram is useful, the spread is too large to be

useful in predicting the onset time of a geomagnetic storm after a specific solar

event.

Like the modern weather forecasting, the modern prediction scheme

should be based on numerical methods for individual events and is based on the

following facts (Fig. 3):

(1) The interaction between the solar wind and the earth's magnetic field

constitutes a generator.

(2) The power of the generator depends on the solar wind V, the magnitude B

and the polar angle 0 of the interplanetary magnetic field (Perreault and

Akasofu, 1978; Akasofu, 1981).

5
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P (Mwatts) = 20 V (km/sec) B2(nT) sin4 (0/2)

(3) Thus, having a higher speed V and greater magnitude B of the

interplanetary magnetic field, a 'gusty' solar wind (the shock wave/driver

gas or of the solar wind flow from the coronal hole) tends to increase the

power of the solar wing-magnetosphere generator.

(4) The resulting intensified electric currents generate complex magnetic fields

which are the cause of a geomagnetic storm.

(5) Part of electrons carrying the intensified currents collide with upper

atmospheric atoms and molecules and are responsible for causing

ionizations there, causing auroral phenomena.

(6) An increased potential drop associated with an enhanced power drives the F-

layer ionization in the dayside to drift into the polar cap, causing major

changes in the distribution of the ionization.

A geomagnetic/ionospheric storm and an auroral display are nothing but

different manifestations of the intensified currents. The higher the power of the

generator is, the higher is the current intensity, causing more intense

geomagnetic disturbances and brighter auroral displays. This is why both a very

intense geomagnetic/ionospheric storm and a great auroral display occur

together.

Therefore, the prediction of geomagnetic/ionospheric storms and the

aurora is reduced to predicting the power of the generator which depends on the

solar wind speed V, the soiar wind magnetic field B and its polar angle 0. The

first task of this project is thus to develop a method to predict the above three

quantities (V. B. 0) for the interplanetary shock wave/driver gas and for an

intense solar wind flow from a coronal hole,

9



In section 2, we de: Qihe the pooress we have made in predicting major

geomagnetic storms, in iirtis',jlar our efforts to cooperati the interplanetary

scintillation (IPS. _._\s w!- shall descr-ibe in moure detail later, the IPS

obser-va.~on serves fo. J3~ '1Z checking the prediction at a midpoint between

the sun an(! he ealirfl. St-ci-7r,- 3, we de-scribe the progress we have made in

predicting th1-e 2,-,N, r. --Urre n~l geomagnetic storms We show that this

particular project, i f, pdt redict -Lhe geometry of the neutral line on the

.source surfaoe i' ithc suck onl th basis of the observed neutral lines during the

past Carringt,,n row~.Twmuch of our effort has been concentrated in

understardiri, !h ni.i rv-iLls on the source surface and their variations.

2. PRE!;LCTIQN .)~~I9 .~ O .jI . LQ1,TSTOR-MS AFTER INTENSE

SOLAR AU T IY

The modern prr,,dctin srh- ma :zhould bi- Wbe to provide not only just the

occurrence and thc m11axilnum intensity for a given storm, but also the time

development of 0, , ;orin, Since? tthe intens-ily of a geomagnetic storm field at a

given time can ho xpre siA in terms of the geomagnetic indices, we must be able

to predict the gen"~ei:indices as a function of time (such as AE, Dst, KP,

etc.). nonmd Mi X.,u.K eu... Toward this goa7, we have develomed a

three-stcp fwocee; (see Akcoufu and Fry (1986)1 and Figure 4).

2.1 STEP I

STEP 1: On the basis- -f the, observation of a particular solar flare, we

determitn,, itic ff.'11hwi ng parameters:

I.- Time ( 'T. ite ,K the occiirTencce

2 Ve f ~ .i lii-vi( (N,S) of flare

3. Initial spc($i of the solar wind*

4. Area covered by the flare"



5. Duration

The quantities with * depend on the intensity of a flare and are given in

Table 1.
Table 1: Conversion From Flare Importance and

Brilliance to VF and GF

Importance/Brilliance VF (km s- 1) OF (c)

OF 200 20

ON 300 30

OB 400 40

IF 400 3)
1N 600 40

1B 800 50

2F 500 3)

2N 800 50
2B 1200 70

3F 700 30

3N 1100 50

3B iOO 70

4F 800 40

4N 1200 60

4B 1600 80

Using the above solar flare parameters as the input, a computer program

has been developed to predict the solar wind speed (V) and the magnitude (B) of

the interplanetary magnetic field at the front of the magnetosphere as a function

of time, namely V(t), and B(t). When a number of flares take place during a given

period, they can be inputed successively into the program. This is often the case,

when there are one or more very active regions on the solar disk.

STEP 2: The predicted values in the above enable us to estimate the total

maximum power Pm generated by the magnetospheric interaction L

a function of time,

11



.(Mwatts- 20 V (km/sec) B2 (nT)

Note that P,, differs finom by eliminatirg sUO(Oi2) i 0.

STEP 3: On the b.-,, e.- -,piiical re!ationships between P and AE, P and

Dst, i ai b'c * Ac we predict the geomagnetic indices AE(t), Dstt)

and Kp(t. ;. a tion of time. There is also an empirical

rclatiin ,ez', ;) a7id the cr ?-polar cap potential c.

* Using AL(,), -),t) and KP(t) thus determined, some other

I nimpur tc~~, , _ " can als(I be predicted:

* it, oILI0 ltwr (-" t .:c auroral oval can also be estimated from the

, E(0 ,rid Dst t), since an empirical relationship

L_,, ,vji uam, i:, 2 cw AE 1st has been established.

* Th, dist io,affo of the electron d(,nsity in the polar ionosphere

after t.jorr- onset can also be predicted as a function of time by

kw. , ti ,,n, ytr of the auroral oval and the cross-polar cap

NWe have t '(d he ;rovran extensi'tly by 'postdicting' many past major
solar 11-,' " x.,n., c'aring the last ten years or so and calibrated the

computer code tcf. Akahu :,rl .,e, 1988, 1989, 1990).

)ne ol' the i V, i t'iCoLintred in applying our prediction scheme is

that a nia un r actr.ae o ;un produces many flares, more than 10 in a

two-week period Si.icc Ll l tlares produce interplanetary disturbances, it has

been difficult 4roi th f'a (-h ., ,i ation alone to dtermine which flares are likely

to have cauu:d ii rp,..,r disturbances.
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It is very fortun~ate that 'in an-aly-sis of the interplanetary scintlotko (1PS)

has now becomc avalible, Ii- tih-,± IPS study, r-adio waves from a predetermined

set of' radiu galaxies Fx!,r ae Aloniteved by a fixed antenna system or

systems. Th1us. iK a 7;- ' (:wa 1uuc ejected by a solar flare is located between a

radio galaxy and the "It~ - 'Oag sciniti]iation of'the radio wave from the radio

galaxy is obser-ved figr F~ he fixed antenna system can scan the entire sky,

as the sky 'rotatcs' arou .i tai- czarth. Since the plasma cloud covers only a

portion of the sky, the i-PS regin occupies only a limited region in the sky (the sky

map). Therefore ,vu hcve rro'difit-d our computer code 1.o produce predicted IPS

sky maps wvhIch'*vi J.(] -~tosohe sky -where IPS isexpected to occur for a

given flare.

In this Way , weIC compaie the 9bsLr ' sky mnap and the predicted sky

map durinz the ta:ift.kdm cloQud from the sun to the earth. If there is

any major diar inec r ',' -er then-, we can rnodify the input flare

paramneters uwi± hati The steps tlo be taken in this scheme are

1) Deiene ie a.U) ai.isfrcm the observation f'i' a flare.

(11) Using; the ~,~ 'rIC,,dc, determine the geometry of the shock front at

p deei. fa )u- bit; ''Cuc The pred.', er -iined hour depends on

the 10r-c, o , iK: K, r at i- mon.

(iii) Pr.,ject tli,, ) aa.aJtx, jOw 4ycthe shock wave in.he sky map.

(I v 1 C (m v.n i thc s4. v I,,) KI-S p oduced wvith the obser-ved IPS sky nap.

(v) If both 'i-i 1-ci < (ro , d the cornput;' Lion on the basis of the same six

pararnetL rs ani! corl, pi~te V 13nd H and then power P.

vII If Ow Itwo wi0 r ~i ~t li'6Vrn.change the six parameters

or chi 1,ei iffrewtiav

(vii 1) epeat the process vi) uintil the two maps a,,rec, reasonably well.



(viii) On the basis of the six parameters thus determined finally, compute V and

B and then Pm.

Thus, it is our finding that the IPS observation can provide us with a

valuable mid-point calibration in the storm prediction scheme. The IPS

observation is found to be far more useful than a single space probe because we

can infer a 3-D geometry of the expanding solar plasma cloud.

Since the present IPS observation uses a fixed antenna system, the sky can

be 'scanned' only once a day at a station (using the earth's rotation). At the

present time, IPS observations are conducted at two locations, Cambridge

(England) and Nagoya (Japan). Thus, we can make the 'IPS calibration' about

twice during the transit of the solar plasma cloud from the sun to the earth. Our

prediction scheme has been developed to be able to produce expected IPS sky maps

at any given time at both locations. It is learned that India will also soon join in

the IPS observation.

We have tested the geomagnetic storm prediction scheme by including the

IPS observations and found that the IPS observation can increase considerably the

accuracy of the prediction (Akasofu and Lee, 1989, 1990).

In order to test the usefalness of IPS observations, we examined possible

shock waves (in terms of time variations of the solar wind speed, the arrival time,

etc.) which should have been caused by some of the seven flares during the period

between September 21 and 27, 1978, by taking into account their location on the

solar disk and their intensity. The coronal hole was also modeled carefully in

order to account for the observed variations of the solar wind speed for the period

between 22 Septembei and 6 October. Since these interplanetary events tend to

superp,f;e upon each other, the speed, arrival time and intensity of a particular

shock event cannot be investigated without considering all responsible flares and

high speed streams. A quantitative method is needed to identify solar flares

L5



which are responsible for the observed interplanetary events. The method we

have developed is capable of handling several solar events.

It is afte,: a large number of trials and errors that we have tentatively

identified the cause-effect relationship between the flares and the interplanetary

events during the period of our concern (Table 2). We have identified F1 on 21

September as the cause cf the shock wave which was observed on 25 September at

the Earth. However, this identification is not in agreement with that made by

Cane et al. (1982). Thus, based on their conclusion, we repeated the modeling by

assuming that F2 on 23 September is the cause of the shock wave on 25 September.

The former modeling is called here Case 1 and the latter Case 2 (see Table 2).

Table 3 shows the six parameters for the chosen flares, F1 (Case 1), F2 (Case 2), F3

and F6. It is assumed in this study that the background solar wind stream

without the high speed ,tream is 350 km/sec. This is a reasonable choice based on

the observations during this period.

16
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Table 2: List of Solar Flares Which Occurred Between
21 and 27 September 1978: Among Them F1, F3 and F6 are
Identified to be Responsible for S1, S2 and S3, Respectively.

Interplanetary shock waves
Flares (arrival date and time)

F I.21 Sept: 0:16U.T.; !1123 -- 0; 1B Case I-SI. 25 SepL: 0:18 U.T.

F2: 23 Sept: 09:44 U.T.; N35 W50; 313 Case 2-S 1: 25 Sept: 0 1: 18 U.T.

F&:24 Sept: 17:20 U.T.; N25 W07; 11B S2: 26 Sept: 20: 10 U.T.

F4: 24 Sept: 21:12 U.T., S20 W43; 2B

F5: 27 Sept: 07:25 U.T.; S18 W80; 1F

F6: 27 Sept: 08:18 U.T.; N10 W16; 1N S3: 29 Sept: 03.01 U.T.

F7: 27 Sept: 14:28 U.T.; N27 W19; 2B __I

Table 3: Parameters Employed for the Three Flares

Onset Time Lat. Long V
(0,0) (km/sec) (h) (0)

Case 1 N23 E40 200 5.0 40
F1:21 Sept, 04:16, 1978

Case 2 N35 W50 2800 2.0 40
F2:23 Sept, 09:44, 1978

F3:24 Sept, 17:20, 1978 N25 W07 340 2.0 50

F6:27 Sept, 08:18, 1978 N10 W16 550 2.0 50

19
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Case1I

Figure 7a shows both the observed and the simulated variations of Lhe solar

wind speed. The results are obviously not totally satisfactory. However, this is the

best fit obtained by our method. A change of any one of the parameters affects

overall results in very complicated ways, because the observed results are a

superposition of individual events. For example, if the simulated peak speed of

the solar wind on 29 September is reduced, in order to make a better fit with the

observation, its arrival time will shift from the observed one, as well as the speed

and arrival time of all the other shocks. Thus, the identification of the responsible

flare (F6) becomes questionable. However, it was found that the other flares give a

worse fit than F6. A better fit would also be made by adjusting the speed of the

high speed stream. However, such a change affects the overall variations of the

solar wind speed during the entire period, resulting in often different

combinations of the cause (flare)-effect (shock) relationship which is worse than

what we have obtained so far. At this stage of development in this study, a better

fit between the observation and the simulation is difficult without additional

observations for the identification.

The three-dimensional structure of the expanding shock wave caused by F1

is shown in Figure 7b. Note that the second shock wave generated by F2 begins to

appear on 25 September; both the longitude and latitude lines of interval 50 are

used to provide the geometry of the shock wave. The shock associated with the IPS

event reached the Earth on 25 September. The corresponding IPS sky maps are

also constructed on the basis of Fig. 7b and are shown in Fig. 7c. The crosses

indicated cross points of the latitude and longitude lines with 50 intervals. From

Fig. 7c, one can see that the shock wave covered almost one half of the sky

centered around the Sun (although the 50 interval mesh is too coarse to show the

shock in the vicinity of the center of the sky map when it is too close to the Earth).

21



Indeed, the IPS observation showed that this was indeed the case (Tappin et al.,

1983; a part of Fig. 2 in Hewish et al. (1985) is reproduced here as Fig. 7d. In

particular, note th.t the highest IPS occurred in the 30'-600 E sector, centered

around latitude 500 N. Our results (Figure 7c) are in good agreement with the

observed IPS distribution (Figure 7d).

Case 2

It is natural to try to associate interplanetary events with most intense

activities on the Sun. during the period of our concern, there occurred a 3B flare

(F2) (N35, W50) at 09:44 U.T. on 23 September; see Table 2. It has been generally

believed that the second interplanetary shock event (S2) at 20:10 U.T. on 26

September was caused by this 3B flare. However, this association requires an

average speed of the shock wave of about 920 km/sec (Cane et al. 1982, 1986; Cane

and Stone, 1984). One difficulty we face here is that the solar wind speed at the

time of the arrival of S2 was only about 400 km/sec and the estimated initial speed

was more Lhan 2500 kim!sec (Cane et al., 1982). Thus, it was difficult to model F2

as the flare responsible for S2.

In spite of such difficulties, we have attempted to model the possible

association between F2 and S1 by choosing the parameters listed in Table 3. The

corresponding results show that the computed IPS disagrees with the observed

one. In this case, the computed IPS was mostly confined to the western sky, while

the observed one was in the eastern sky (as discussed in Case 1).

2.2 STEP 2

The STEP 2 is simply to compute the maximum power Pm as a function of

V and B which are computed in STEP 1. The power P thus determined is a

function of time.
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23STP 3

(a) Geomagnetic Indices

There is no theory to relate directly the power P of tie solar wind-

magnetosphere dynamo to the g eomafgnetic indices AE, Dst, Kp, etc. However,

there are empirical relationships between P and AE, 1P and Dst, etc.

A E(nT) = -300 (log P)2 + 11800 1 og P- 113200

1 iDst 1,nr) i = 60 (1og p_18)2 + 25

Thus, both AE and Dst can he computed. as a function of time when P is

given as a function of time. Since the present" prediction scheme can provide P,,

instead of P, we can e stimate only the maximum possible AE and 1)st by replacing;

P by PM.

(b) Cross -Polar Capi Po)tcntial Jp

Reiir et al. (198 1) found that the polar cap potential 4)p. is related to the

Powe r P by vi D U) 9~-2 112. Fhus, if, Is possible to predict safucIon0

time if P can be pvedictcd. Since' we can predict Pm, we shAll be able to predict

maximum vahwt w (Li r

(c) Equil7Ilen! L'.Ircua't

One wyay to rieplace the empirical relationship between P and AE is to

consider an equivalent current circuit. For this DuTeLi u et, al. (1988)

developed an equivalenit circu~t (a computer code) for the magnetosphere (Figures

8a and 8b). Once 13 t can be inferred from Steps I and 2 (Wigure 1), it is possible to

determine the input voltage (1)(' for th( circuit. Tlw .equivalent circilt can then

determine all the magneto) ;pheric quantities. Figure 8b shows how the

mnagnetosphere responds t(, rt step-function like in, rea - of (1)(T. T he response as

at function of, time mav 'he -eeii cl',arh', in the, cs-(lrcLI) potentia4),w and the

total e... rgy deposition 'i the ionosphere (deniokd by Wfi.
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(d) 'p. andAE

Another important progiess in this r--g irr is that we have determined the

relationship between the cross-polar cap potential drop Dpc and the AE index on

the basis of both satellite-based and ground-based data (Akasofu et al. 1990). The

results are shown in Figure 9. Since Dp, (Kv) = 36 + 0.89 AE or AE m 11.2

(Ypc -36), if the relationship between the solar wind quantities (V, B, 0) and the

cross-polar cap potential can be established, it is possible to predict the AE index

as a function of time.

(e) Polar Ionosphere

Once the cross-polar potential D (or 4)pc) can be determined as a function of

time, it is now possible to compute the electron density distribution as a function of

time over the entire polar region. Figure 10 shows the computational scheme and

Figure 11 shows an example of the results. One can see clearly that the ionization

produced by the solar radiation in the dayside hemisphere is driven into the polar

cap from the cusp region. In the polar region, however, there is also the

ionization caused by the precipitation of auroral particles. This mode! reproduces

fairly well the ionospheric trough. Note in particular that the trough extends

from the night sector to the day sector, as discovered by Whalen (1989).

(f) IMF Polar Angle 0

An accurate determination of the power P requires not only V and B, but

also the polar angle 0. Unfortunately, inspite of our elorts duning the lat several

years, we are far from predicting 0 as a function of time. So far, our prediction

code can determine V and B, but not 0. Thus, we can simply estimate the

maximum possible powcr Pro-
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In order to understand the magnetic field configuration in the driver gas,

we have started to model a magnetic cloud. Figure 12a shows a study of the

propagation of a "magnetic cloud" along a flux of the interplanetary magnetic

field (IMF) lines (Wang et al. 1988; Wei et al. 1990). When the earth encounters

such a structure, the IMF vector at the earth is expected to vary in a complicated

way. Our study can, however, predict the expected type of variations in a

magnetic cloud or a driver gas. It has been suggested that such a "magnetic

cloud" is generated above a flare and propagate out in interplanetary space. So

far, we have identified several causes for variations of 0 (Figure 12b). However,

we are unable, at the present time, to identify which causes dominate variations

of 0 for a given flare.

3. PREDICTION OF THE 27-DAY RECURRENT STORMS

3.1 Introduction

The past prediction method of recurrent geomagnetic/ionospheric storms is

based on a study of the so-called "Bartels Kp musical diagrams." Obviously, such

a method is not based on physics. Like flare-caused storms, the modern scheme

must be based on the predictiorn of the power of the generator. Thus, the

prediction of the 27-day recurrent geomagnetic storms is reduced to predict the

power P for a 27-day period and the geomagnetic indices AE, Dst, Kp, etc. for the

same period. At the present time, it is not known how Alfv~n waves and

turbulence are generated in a high speed stream. Thus, it is not possible to

predict the polar angle 0. However, it is possible to predict the of P = 20 VB 2 sin 4

(0/2), namely I P I = 20 VB 2 , since 0 < sin 4 (0/2) < 1.0. Then, from the envelope of P,

it is possible to infer the envelope of the AE index, a rough trend of he maximum

AE index as a function of time.
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Figure 13 shows variations of the solar wind quantities during the period

between June 25 and July 21, 1974. Compare the observed VB 2 and the AE index.

We can see that the general trend of AE index variations during the 27-day period

follows reasonably well that of VB 2 . Note that fine time variations of the AE index

represent individual substorm. Thus, we can predict the upper limit of the AE

index and of its 27-day variations if we succeed in predicting V and B for a 27-day

period.

3.2 Neutral Line on the Source Surface

In the above, we have demonstrated that the forecasting of the recurrent

geomagnetic activity is reduced to predicting the solar wind speed V and the

magnitude B of the IMF for a 27-day period. In turn, the prediction of V and B is

reduced to inferring geometry of the neutral line on the source surface which is

an imaginary spherical surface of radius 2.5 solar radii. The natural line varies

in a very complicated way during a sunspot cycle (Figure 14a). For this purpose,

we must find a simple way to reproduce the neutral line. Fortunately, we found

that the neutral line on the source surface can be reproduced fairly accurately by

a dipole at the center of the sun and a few dipoles on the photosphere (Saito, Oki,

Olmsted and Akasofu, 1989). This finding has provided us with an opportunity to

predict the geometry of the neutral line on the source surface by extrapolating

time variations of the characteristics of the dipoles.

33 A New Method of Representing the Neutral_Ljru

In order to reproduce the observed neutral line on the source surface, we

assume the axial dipole at the center of' the sun and a few dipoles near the

equatorial plane of the photosphere (Figure 14b). In the upper left diagram, the

observed neutral line fi)r Carrington rotation 1666 is shown, while the upper right

diagram shows its reproduction using our modeling method (Saito, Oki, Olmsted

and Akasofu, 1989). In this particular example, the two dipoles are located in low

36i



latitudes on the photosphere. One can see that our method reproduces fairly well

the observed neutral line in the upper left diagram. The lower diagrams are

spherical representations of the upper ones. The cross in the upper right

diagram shows the view longitude of the spherical presentation.

3.4 Representation of Neutral Line Variations

Figure 15 shows how accurately we can reproduce the observed neutral line

by a combined axial field (in the righthand side) and four dipoles located in low

latitude, No. 1, 2, 3, and 4. During four solar rotations, from Carrington rotation

1661-1664, the four dipoles varied rather fairly smoothly. Figure 16 shows time

variation of the dipole No. 3 in terms of latitude, longitude, the azimuth and the

magnitude. Thus, time variations of the equatorial dipoles can be extrapolated,

allowing us to predict the geometry of the neutral line, in turn the solar wind

speed V and the IMF magnitude B and finally the envelope of the maximum

variations of VB 2 and of the AE index.
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4. CONCLUDING REMARKS

The modern prediction scheme of geomagnetic storms must be based on

numericai methods, not on statistical methods. We believe that we have

formulated the entire scheme which consists of these computational steps. Our

scheme is applicable for a complicated situation in which many flares take place

in a relatively short period, say one week. Although much refinement is no doubt

needed in the future, we believe that the general scheme is well established by the

present project. We have also introduced successfully interplanetary scintillation

observations into the scheme to increase the accuracy of the prediction. Most of

the refinements require future advance in the field of solar physics, solar wind

physics and magnetospheric physics.

One of the critical progresses needed in the prediction is a better

understanding of the nature of variations of the polar angle 0 of the interplanetary

magnetic field. At the present time, it is not known how the variations are

caused, although some researchers consider them in terms of 'magnetic clouds'

and 'driver gas.'

The present project has also formulated the prediction method of the 27-day

recurrent geomagnetic storms. We have shown that the envelope of the 27-day AE

index variations can be predicted by predicting variations of the neutral line on

the source surface of the sun. The method is simple enough to put into practice.
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